known as human herpesvirus 8 (HHV-8), is a gamma-2 herpesvirus originally identified in the biopsy specimen of a Kaposi's sarcoma lesion (8) . It is the etiologic agent for Kaposi's sarcoma and two other tumors, primary effusion lymphoma (PEL) and multicentric Castleman's disease (6, 57, 62) . KSHV shares significant sequence homology with herpesvirus saimiri and Epstein-Barr virus (EBV) (49, 54) . Like other herpesviruses, KSHV can establish latent or lytic infections. Lytic gene expression can be induced by treatment of latently infected cells with chemical agents such as 12-0-tetradecanoyl 13-acetate (TPA) and sodium butyrate (1, 47, 72) . However, relatively little is known about the factors responsible for activating KSHV under physiologic conditions.
We previously reported that KSHV could be induced to lytic replication by hypoxia and provided evidence that hypoxia may be a physiologic activator for this virus (11, 24) . Cells exposed to hypoxic conditions accumulate hypoxia-inducible factor 1 (HIF-1), which plays an important role in regulating the cellular response (69) . HIF-1 is a heterodimeric transcription factor consisting of HIF-1␣ and HIF-1␤ subunits, the latter also known as aryl hydrocarbon receptor nuclear translocator (33, 34, 68) . HIF-1␣ is constitutively expressed but rapidly degraded in normoxic cells (29, 35, 55) . This degradation involves the hydroxylation of proline-402 and proline-564 residues in an oxygen-dependent degradation domain of HIF-1␣ (30, 31, 71) . The hydroxylated HIF-1␣ binds to the von Hippel-Lindau tumor suppressor protein, which leads to polyubiquination and degradation via the proteasome (10, 36, 46, 51) . In the presence of oxygen, activity of HIF-1␣ is also regulated by hydroxylation of asparagine-803 within the C-terminal transactivation domain (15, 28, 38, 39) . Under hypoxic conditions, these modifications of HIF-1␣ do not occur, leading to accumulation of the protein and increased ability to recruit coactivators (3, 15, 28, 39, 58) . These enzymatic modifications can also be inhibited by iron chelation and cobalt ions (28) .
Under conditions of hypoxia, HIF-1␣ accumulates and associates with HIF-1␤, which is constitutively expressed, to form a heterodimer in the nucleus. This heterodimer then binds to hypoxia-responsive elements (HREs) within the promoter or enhancer of various hypoxia-responsive target genes and upregulates expression of these genes (3, 15, 28, 45) . Several dozen HIF-1 target genes have been identified, including erythropoietin (EPO), vascular endothelial growth factor, and glucose transporter 1 (17, 25, 58, 59, 61) . The core consensus sequence that HIF-1 heterodimers bind to in the promoter region of these genes has been identified as 5Ј-RCGTG-3Ј, although variants of this sequence have also been reported previously (28, 60) .
Another hypoxia-responsive protein, called endothelial PAS domain protein 1 (EPAS1), or HIF-2␣, that is structurally and functionally related to HIF-1␣ has also been identified (14, 16, 67) . Like HIF-1␣, HIF-2␣ also forms a functional heterodimer with HIF-1␤ (called HIF-2) and activates gene transcription from HRE-containing target genes (14, 16, 67) . Certain cellular genes are preferentially responsive to HIF-1 or to HIF-2 (27, 70) . A third protein involved in the response to hypoxia, designated HIF-3␣, has also been identified (21) .
We recently reported that the promoter region of open reading frame 34 (ORF34), a lytic KSHV gene of unknown function, is strongly activated by hypoxia (24) . ORF34 along with ORF35-37 is part of a cluster of genes all oriented in the same direction within the KSHV genome. The function of ORF34 and of ORF35 is not known. ORF36 is a phosphotransferase that can phosphorylate ganciclovir, and ORF37 has recently been identified as a shutoff exonuclease (SOX) (5, 19) . In the present study, we show that each of the genes of this cluster is upregulated by hypoxia in KSHV-infected PEL cell lines. We further show that these genes are transcribed from two different promoters that form two mRNA species sharing a common poly(A) at the 3Ј end. The longer mRNA moiety encodes ORF34-37, while the shorter mRNA is more abundant and encodes ORF35-37. Finally, we show that the promoter of the transcript for ORF35 to ORF37 can be activated by hypoxia, utilizing the same HRE sequence that we previously reported was able to activate ORF34 (24) . Thus, each of these genes, including phosphotransferase and SOX, can be upregulated by hypoxia, a finding that may be important in the pathogenesis of KSHV-associated diseases and possibly as a therapeutic target.
MATERIALS AND METHODS
Cell lines and culture conditions. The PEL cell lines BC-3 and BCBL-1, harboring HHV-8 only (1, 53) , and JSC-1, dually infected with EBV and HHV-8 (4), were grown in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum at 37°C in an atmosphere of 95% air and 5% CO 2 (normoxia). Where noted, the cells were exposed to hypoxia by culture in an incubator with 1% O 2 and 5% CO 2 as described elsewhere (11) . In some experiments, 100 M cobalt chloride (CoCl 2 ) was utilized as a chemical mimic of hypoxia. Lytic activation of KSHV in BC-3 and BCBL-1 cells was also induced by treatment with TPA (25 ng/ml), and lytic activation of JSC-1 cells was induced with 0.3 mM sodium butyrate (0.3 mM/ml). In some experiments, the cells were exposed to TPA (25 ng/ml) plus the DNA synthesis inhibitor phosphonoacetic acid (PAA) (300 g/ml). The cells were harvested at various time intervals after exposure to these conditions, as noted below. Hep3B, a human hepatoma cell line, was obtained from the American Type Culture Collection (ATCC, Manassas, VA) and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. This line was used for transient transfection and cotransfection experiments, as described below.
RNA isolation and Northern blot analysis. Total cellular RNA was isolated from PEL cells that were cultured for 24 h under various conditions by using TRIzol reagent (Invitrogen, California) following the manufacturer's protocol. Hep3B cells transfected with pSEAP reporters were harvested by trypsinization at the end of 48 h of transfection and washed once with phosphate-buffered saline. Total RNA was isolated from the Hep3B cells by using TRIzol and treated with RQ1 RNase-free DNase (Promega) before Northern blot analysis was performed. Northern blot hybridization analysis was performed using a nonisotopic digoxigenin (DIG)-labeled probe generated by PCR following the supplier's protocol (Roche Applied Science, Indianapolis, IN). Briefly, 5 g of total RNA was fractionated on a 0.9% agarose gel containing 2% formaldehyde and subsequently transferred to Hybond N nylon membranes (Amersham, Piscataway, NJ) in the presence of 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) overnight by capillary transfer. After the RNA was fixed to the membrane by UV cross-linking, the membranes were prehybridized for 30 min and hybridized with DIG Easy Hyb buffer (Roche Applied Science) overnight at 50°C with full-length DIG-labeled gene-specific DNA probes incorporated by PCR (specific probe sequences are available on request). The membranes were washed twice for 5 min each with low stringency buffer (2ϫ SSC, 0.1% sodium dodecyl sulfate) at room temperature and then with high stringency buffer (0.1ϫ SSC, 0.1% sodium dodecyl sulfate) at 50°C for 15 min each. After the washing and blocking steps, the membranes were incubated for 30 min with an appropriate dilution of anti-DIG antibody conjugated with alkaline phosphatase. The membranes were then washed twice in washing buffer for 15 min each, equilibrated in equilibration buffer, incubated with CDP-Star solution for 5 min, and exposed to film with an intensifying screen. The membranes were stripped with stripping buffer (50% formamide, 2ϫ SSPE [1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA {pH 7.7}]) at 65°C for 1 h and then rehybridized with a ␤-actin probe generated from HHV-8 cDNA as a loading control.
5 and 3 RACE. Rapid amplification of cDNA ends (RACE) was performed using a SMART RACE cDNA amplification kit (BD Biosciences Clontech, California) according to the manufacturer's instructions. One microgram of total RNA prepared from TPA-treated BCBL-1 cells after 48 h of induction was used for first-strand cDNA synthesis. Briefly, for 5Ј RACE, first-strand cDNA was primed using a 5Ј CDS primer at the 3Ј end of the RNA. A SMART 11A oligonucleotide was then added to the 5Ј end. After the templates were switched, the cDNA was amplified by PCR with a forward primer, 10ϫ universal primer mix, which is included with the kit, and a gene-specific reverse primer for each of the ORFs: 34, 35, 36, and 37. For 3Ј RACE, first-strand cDNA was synthesized with 3Ј CDS primer A, also provided with the kit. After the templates were switched, the cDNA was PCR amplified using 10ϫ universal primer mix and gene-specific forward primers for ORF34, -35, -36, and -37. The PCR products were gel purified (Bio-Rad, Hercules, CA), cloned into pGEM-T Easy vector (Promega, Wisconsin), and sequenced to identify the 5Ј and 3Ј ends of each transcript.
Reporter and expression plasmids. The full-length reporter plasmid for ORF35-37 (35-37P1/1891 or 35-37P1) contains 2,300 nucleotides (nt) spanning the region from nt Ϫ1891 to nt ϩ409, where nt ϩ1 indicates the transcription start site of the mRNA for ORF 35-37 as determined by 5Ј RACE. This plasmid includes the methionine initiation codon of ORF35 at nt ϩ73 and extends to before the ATG codon of ORF36 at nt ϩ409. The sequences and locations of the primers used to amplify this fragment were as follows: 35-37P-F1, 5Ј-CTAGCT AGCCTGGGTCCTCTTACGAAT-3Ј, nt 53676 to 53693; and 35-37P-R1, 5Ј-A TAGATCTCTAGGCGCACGGCCACCTC-3Ј, nt 55976 to 55957 (underlined sequences represent NheI and BglII restriction linkers, respectively). Another promoter, 35-37P2, containing 1,940 nucleotides spanning the region from nt Ϫ1891 to nt ϩ49, which is 360 nucleotides short at the 3Ј end of the full-length promoter, was also constructed with the same forward primer at the 5Ј end and the following reverse primer at the 3Ј end: 35-37P-R2, 5Ј-ATAGATCTGCCG GTATGTCATACGATGG-3Ј, nt 55615 to 55596. These numbers and sequences are according to those described by Russo et al. (54) . These promoter regions were PCR amplified from BCBL-1 cellular DNA and were inserted into pGL3-Basic, a promoterless reporter vector without an enhancer (Promega, Wisconsin), in a sense orientation relative to a luciferase coding sequence at the NheI and BglII sites to generate the reporter plasmids GL3B-35/37P1 and GL3B-35/ 37P2, respectively. For certain experiments, 35-37P1 and 35-37P2 were excised from pGL3 vector and cloned into the NheI and HindIII sites of pSEAP2-Basic vector (Clontech, California) in a sense orientation relative to the SEAP coding sequence to generate pSEAP-35/37P1 and pSEAP-35/37P2 reporters. SEAP is a secreted form of human placental alkaline phosphatase and is used as a reporter (12) . In addition to being used for reporter gene analysis, cells transfected with the SEAP reporter can be studied for RNA and protein analyses.
A series of 5Ј deletions of the reporter plasmid 35-37P1/1891 were constructed by the use of different primers at the 5Ј end and a common primer, 35-37P-R1, at the 3Ј end. The sequences and locations of the forward primers were as follows: 35-37P D1, 5Ј-CTAGCTAGCGTAACAGCCGTTCAGAAA-3Ј, nt 54206 to 54223; 35-37P D2, 5Ј-CTAGCTAGCTGCAAGTATGTTGATAGGG-3Ј, nt 54366 to 54384; and 35-37P D3, 5Ј-CTAGCTAGCCTACTTCCAGGTC ACATGTA-3Ј, nt 55236 to 55255 (underlined sequences represent NheI restriction linkers). These primers were used for the amplification of deletions 35-37P1/ 1361, 35-37P1/1201, and 35-37P1/331, respectively. The amplified products were cloned into the same sites of the pGL3-Basic vector, as described above. To clone 102-bp surrounding sequences of HRE-2 in a simian virus 40 (SV40) promoter, the following PCR primers were used: 35-37P-HREϩ ancillary F, 5Ј-ATAGGT ACCTTCTGGCCGCCTGGTA-3Ј, nt 54295 to 54310; and 35-37P-HREϩancillary R, 5Ј-AGCAGATCTGCCTATTGGAGTCCCTA-3Ј, nt 54396 to 54380 (underlined sequences represent KpnI and BglII restriction linkers). Using 35-37P1/1891 as a template, these primers were cloned into the KpnI and BglII sites, respectively, of pGL3P.
The K5 promoter contains the region spanning nt Ϫ690 to nt ϩ309 upstream of the ATG initiation of K5, where nt ϩ1 indicates the transcription start site of the gene as described previously (23) . The sequences and locations of the primers used to clone this region were as follows: K5P-F1, 5Ј-CCCAAGCTTGAAA CCCCAAATAGCCTT-3Ј, nt 27482 to 27465; and K5P-R1 5Ј-AATAAGCTTC TCTGCAGCTGGGGTGGA-3Ј, nt 26484 to 26501 (underlined sequences denote HindIII restriction linkers). This region was cloned into the HindIII sites of pGL3-Basic vector. Expression plasmids encoding human HIF-1␣ (pHAHIF1␣-pcDNA3) and HIF-2␣ (hEPAS1-pcDNA3), gifts of Eric Huang (NCI, NIH) and Steven L. McKnight (University of Texas), respectively, have been described elsewhere (29, 67) . Expression plasmid pHAHIF1␣m (P402A, P564A), which produces a mutant, HIF-1␣ (HIF-1␣m), with alanine substitutions at residues 402 and 564 that are functional but resistant to degradation in normoxic cells, was also a gift from Eric Huang (NCI, NIH).
Site-directed mutagenesis. Plasmids expressing mutagenized or deleted HRE were constructed using the PCR-based QuikChange site-directed mutagenesis kit (Stratagene, California) according to the manufacturer's protocol. Briefly, the mutation or deletion was carried out on the full-length 35-37P1/1891 construct with synthetic oligonucleotide primers containing the mutated or deleted HRE sequence. In these experiments, the 35-37P1/1891 construct is labeled to indicate that it is the wild-type promoter. The primer sequence used to generate mutation 1 in the HRE-2 sequence has been shown elsewhere (24) . The primer sequences used to generate mutation 2 in HRE-2 were 35-37P HRE mut2F (5Ј-TTGATCGGCCGTGGATTTGTGCGCGTCCTC-3Ј) and 35-37P HRE mut2R (5Ј-GAGGACGCGCACAAATCCACGGCCGATCAA-3Ј). This mutant plasmid contains a 3-nt substitution in the HRE-2 element, changing the HRE-2 sequence from GACGTG to TTTGTG as underlined (the position of the putative HRE sequence is shown in bold). The following primer pairs were used to generate the HRE-2-deleted plasmids 35-37P HRE dF (5Ј-TTGATCGGCC GTGGA‫ء‬CGCGTCCTCGCG-3Ј) and 35-37P HRE dR (5Ј-CGCGAGGACGC G‫ء‬TCCACGGCCGATCAA-3Ј) ‫ء(‬ indicates the deleted HRE-2 sequence). These sequences are complementary to each other. The above primers were also used to generate the SV40 promoter HRE-2 mutation and deletion. To generate the ancillary mutant plasmid, the following primer pairs were used: 35-37P HASmF (5Ј-CGTCCTCGCGCATTTACCGCATCTGCAAG-3Ј) and 35-37P HASmR (5Ј-CTTGCAGATGCGGTAAATGCGCGAGGACG-3Ј). These sequences are complementary to each other. The mutant plasmid contains a 3-nt substitution in the ancillary sequence, changing the ancillary sequence from CACAC to TTTAC as underlined (the position of the putative ancillary sequence is shown in bold). The reaction was performed for 18 cycles at 95°C for 30 s, 55°C for 1 min, and 68°C for 7 min. The PCR product was digested with DpnI at 37°C for 60 min to digest the parental vector. The treated DNA was used to transform XL1-Blue supercompetent cells. All deletion and mutation constructs were confirmed by sequencing.
Transfection and reporter assays. All reporter experiments were performed with Hep3B cells, using 12-well plates, transfected with Fugene transfection reagent (Roche Applied Science) according to the supplier's protocol. On the day before transfection, 1.3 ϫ 10 5 cells were plated per well in a 12-well plate and were transfected with 550 ng of various reporter plasmids and 50 ng of an internal control plasmid, pSV-␤-gal (Promega, Wisconsin), which was used to normalize transfection efficiency. After transfection, cells were allowed to grow under normoxic conditions for 30 h and then exposed to either 21% or 1% oxygen for another 18 h. At the end of 48 h of incubation, cells were washed twice with phosphate-buffered saline, lysed with 250 l of 1ϫ reporter lysis buffer (Promega), and freeze-thawed once. Samples were centrifuged at 13,000 ϫ g for 5 min, and 20 l and 50 l of cell lysates were used for luciferase and ␤-galactosidase (␤-gal) activities, respectively. The luciferase value was normalized to the ␤-gal value to correct for transfection efficiency. The normalized value for the reporters incubated at 21% oxygen was set at unity, compared to the results obtained under conditions of hypoxia, and expressed as induction (n-fold). For SEAP reporter assays, after 18 h of hypoxic incubation, 15 l of cell culture supernatant was assayed for SEAP activity by using a chemiluminescence detection kit (Clontech). Cell lysates (50 l) were assayed for ␤-gal activity, which was normalized as described above.
For Northern analysis, transfection of SEAP reporters containing pSEAP-35/ 37P1, pSEAP-35/37P2 wild, and HRE2 mutants was performed in a 10-cm dish. On the day before transfection, 1.5 ϫ 10 6 cells were plated in a 10-cm dish and allowed to grow overnight. Cells were transfected with 6 g of DNA using Fugene transfection reagent, allowed to grow under normoxic conditions for 30 h, and then exposed to either 21% or 1% oxygen for another 18 h. For cotransfection experiments with HIF plasmids, cells were transfected with 300 ng of wild or mutant reporter of 35/37P1-1891 and with 250 ng of HIF-1␣, HIF-1␣m, or HIF-2␣ expression plasmid. As a control, cells were transfected with pcDNA3.1 empty vector. Cells also received 50 ng of an internal control plasmid, pSV-␤-gal, for normalization of transfection efficiency. After transfection, cells were incubated under normoxic conditions for 48 h and cell lysates were obtained and assayed for luciferase activity as described above. The results of the mutant reporter transfected with empty vector were set at unity, compared to the results of the wild-type promoter, and expressed as induction (n-fold). All results are reported as the means and standard deviations (SD) of three experiments, and samples in each experiment were performed in triplicate.
Electrophoretic mobility shift assay. Nuclear extracts were prepared from Hep3B cells, as described previously (24) , cultured at normoxia, and exposed to hypoxia for 24 h. An electrophoretic mobility shift assay was performed using a DIG gel shift kit (Roche Applied Science) according to the manufacturer's protocol. Synthetic oligonucleotides were annealed with their corresponding reverse complementary strands and labeled by DIG at their 3Ј end. The sequence of each sense strand probe is given in Results. Labeled DNA probes were incubated with 7.5 g of nuclear extract for 20 min at 4°C. poly(dI-dC) was included per reaction to reduce nonspecific binding. For competition assays, labeled probes were incubated with increasing amounts (50ϫ and 250ϫ) of cold unlabeled double-stranded oligonucleotides, either wild type or mutated, with the nuclear extract. The protein-DNA complexes were separated on a 6% nondenaturing polyacrylamide gel in 0.5ϫ Tris-borate-EDTA buffer, transferred to a nylon membrane, and probed with the appropriate dilution of antidigoxigenin antibody conjugated to alkaline phosphatase, and bands were visualized by nitroblue tetrazolium and BCIP (5-bromo-4-chloro-3-indolylphosphate).
RESULTS
Genomic organization of ORF34-37 gene cluster. We previously reported that the ORF34 promoter contained a functional hypoxia response element (24) . Examination of the genomic organization of KSHV reveals that ORF34 is the furthest upstream gene of a cluster of several overlapping genes, ORF34 to ORF37, all oriented in the same direction (54) . This genomic organization and previously reported data (5) suggested that transcription of these genes may be regulated by a complex mechanism. Before we could analyze the possible activation of ORF35, ORF36, and ORF37, it was necessary to investigate the organizational structure of this gene cluster. To this end, we performed RACE analysis for each of these genes in this cluster. This analysis (see the supplemental material for details) revealed two separate transcription start sites at the 5Ј end and a single common poly(A) signal at the 3Ј end (Fig. 1) . Furthermore, it showed that ORF34 transcription starts at position 54566(G), indicated as start site 1 (SS1), while the transcription of ORF35, ORF36, and ORF37 starts at position 55567(G), indicated as SS2 (Fig.  1 ). All the genes are polyadenylated through a common poly(A) signal at the 3Ј end (AATAAA at positions 58853 to 58858). Sequence analysis of the RACE results of ORF34, ORF35, ORF36, or ORF37 showed no evidence of splicing of the mRNA in this region. Thus, two transcripts were identified in this region: a longer 4.2-kb transcript with coding potential for ORF34-37 and a shorter 3.4-kb transcript with a downstream start site and coding potential for ORF35-37 ( Fig. 1) .
Hypoxic activation of the ORF34-37 gene cluster in PEL cells. We previously demonstrated by reverse transcription-PCR analysis that mRNA of ORF34 can be induced by hypoxia from KSHV-infected BCBL-1 cells (24) . Extending these observations, we sought to determine whether the message for ORF35, ORF36, and ORF37 could also be upregulated by hypoxia or hypoxia-mimicking chemicals. To investigate this, we performed Northern blot analysis, a more quantitative analysis than that of standard reverse transcription-PCR, on each of the genes in the ORF34-37 cluster. We chose two different PEL cell lines for this study: JSC-1, a cell line dually infected with EBV and KSHV that has a high KSHV viral copy number (4), and BC-3, a cell line infected with KSHV only that has a lower viral copy number (1). These lines were cultured under various conditions, including exposure to hypoxia for 24 h, treatment with 100 M CoCl 2 , induction with 0.3 mM/ml sodium butyrate, induction with 25 ng/ml TPA, and also induc-tion with 25 ng/ml TPA in the presence of PAA, as described in Materials and Methods. After 24 h of induction, total RNA was isolated and hybridized to each gene-specific probe.
The results indicate that JSC-1 cells exposed to hypoxia have increased levels of mRNA expression when probed with fulllength ORF34, ORF35, ORF36, and ORF37 probes ( Fig. 2A) . Bands of 3.4 kb and 4.2 kb were observed, which are consistent with the lengths of the transcripts originating from the two start sites. It should be noted that the 3.4-kb transcript includes part of the distal sequence of ORF34 (Fig. 1) , and this shorter transcript can thus be detected with the full-length ORF34 probe utilized here. The 3.4-kb band was substantially more abundant, and using certain probes (especially ORF35), it was hard to visualize the 4.2-kb transcript. This is consistent with that observed with the RACE analysis described above, which provided evidence that ORF34 is transcribed from the 4.2-kb transcript while ORF35, ORF36, and ORF37 are transcribed from the more abundant 3.4-kb transcript.
Exposure of these lines to CoCl 2 also induced approximately equal expression levels of the transcripts compared to exposure of the lines to hypoxia, with the exception of the ORF36 probe, which showed somewhat higher levels of mRNA expression after exposure to CoCl 2 . Expression of the transcripts after induction by hypoxia was slightly less than that after induction by butyrate. As a control, we also probed the same blots of RNA with a probe for K5, which has previously been shown to be an early gene, and with a probe for K8.1, which is a true late gene (7, 23, 43, 65) . Expression of K5 and K8.1 in JSC-1 cells exposed to hypoxia was substantially less than that induced by exposure to butyrate, and that induced by exposure to CoCl 2 was even less than that induced by exposure to hypoxia ( Fig.  2A) . None of the probes could detect messages in cells exposed to normoxia alone.
The expression pattern of these genes in BC-3 cells was similar to that in JSC-1 cells, although the intensities were in general weaker and there was relatively greater expression of the larger (4.2 kb) transcript (Fig. 2B) . In BC-3 cells, the messages detected by probes for ORF34, ORF35, ORF36, and ORF37 were all induced by hypoxia, although their intensity was somewhat less than that in cells exposed to butyrate or TPA. In contrast to the genes of the ORF34-37 cluster, there was minimal induction of either K5 or K8.1 in BC-3 cells exposed to hypoxia compared to cells exposed to butyrate or TPA (Fig. 2B) . These results suggested that as in JSC-1 cells, there was selectively greater expression of ORF34-37 in BC-3 cells by hypoxia than that of either K5 or K8.1, in each case using butyrate or TPA induction as a reference. We then sought to define whether ORF34 to ORF37 were late lytic genes. To this end, we treated the BC-3 cells with 300 g/ml of PAA, an antiviral drug, to inhibit the late genes whose expression is dependent on viral DNA replication. Transcription of the ORF34-37 gene cluster was minimally inhibited by PAA, suggesting that these are not late genes (Fig. 2B) . As a control, we analyzed K5 and K8.1, which were previously identified as early and late genes, respectively (7, 23, 43, 65) . Expression of K5 was essentially unaffected in the presence of PAA, while FIG. 1. Overview of the genomic organization of the KSHV ORF34-37 lytic gene cluster. Genomic organization reveals that the genes in this cluster overlap with each other. ORF34 and ORF35 are of unknown function, whereas ORF36 and ORF37 encode a viral phosphotransferase and a shutoff exonuclease, respectively. 5Ј RACE identified the putative transcription start of the mRNA encoding ORF34 at position 54566-G (SS1) and that of the predominant mRNA encoding ORF35, ORF36, and ORF37 at position 55567-G (SS2); these are indicated by thin and thick arrows, respectively. 3Ј RACE identified that all the genes use one poly(A) signal at positions 58853 to 58858 for transcription termination. For clarity, ORF34 is left white and ORF35, ORF36, and ORF37 are filled with gray. All numbers are according to those described by Russo et al. (54) . Shown above are the full-length gene probes used for Northern blot analyses. Shown below are the two mRNA transcripts identified for this region, their sizes in kilobases (kb), and their coding potentials. expression of K8.1 was inhibited. Taken together, these results indicate that hypoxia and hypoxia mimics can induce the specific messages for the ORF34-37 cluster of genes and that they do not appear to be late genes.
Functional analysis of the ORF35-37 promoter. Since hypoxia strongly upregulated ORF35, ORF36, and ORF37 mRNA in PEL cell lines, we were interested in analyzing the promoter region of these genes in a reporter assay system. We also analyzed the K5 promoter for comparison. As discussed earlier, the start site (SS2) of the 3.4-kb mRNA, which encodes ORF35-37, is downstream of the start site (SS1) of the 4.2-kb mRNA. As shown in Fig. 3A , a stretch of the promoter regions containing different lengths upstream of the ORF35-37 and K5 genes was cloned into the pGL3-Basic luciferase reporter vector. For ORF35-37, we constructed two different promoters: the longer promoter, ORF35-37P1, extends to just before the ATG translation initiation codon of ORF36, and the shorter one, ORF35-37P2, had the same start site but was 360 nt shorter at the 3Ј end and extends to just before the coding sequence of ORF35. These constructs were transiently transfected into Hep3B cells, and the luciferase activities were determined under various conditions. As shown in Fig. 3A , ORF35-37P1 and ORF35-37P2 were upregulated 8.66-fold and 13.07-fold, respectively, by hypoxia compared to their upregulation by normoxia, whereas the K5 promoter was activated only 1.99-fold by hypoxia. This result is consistent with our Northern blot analysis showing relatively strong upregulation of the 3.4-kb transcript that encodes ORF35-37 mRNA by hypoxia compared to upregulation by butyrate.
To understand this hypoxia responsiveness, we undertook an analysis of the promoter for the 3.4-kb mRNA that encodes ORF35-37 (GL3B-35/37P1). Sequence analysis of the 2,300-bp region of this promoter revealed four potential positively oriented hypoxia response elements with the sequence T/GACGTG, three of them in the previously described ORF34 promoter region and one within the coding region of ORF34 (Fig. 3B) . In addition, this region had two reverse-oriented HRE sequences, one between HRE-2 and HRE-3 and one within the coding region of ORF34. In order to identify the region that principally mediated the response to hypoxia, we constructed a series of 5Ј progressive deletion mutants of the promoter for ORF35-37 as shown in Fig. 3B and inserted After 24 h, 5 g of total cellular RNA was loaded per lane of a 0.9% agarose-formaldehyde gel, transferred to a nylon membrane, and hybridized to DIG-labeled full-length probes for the indicated genes (Fig. 1, top) . (B) BC-3 cells, which are more tightly latent than JSC-1 cells, were also cultured for 24 h, and the RNA was then hybridized with the same probes that were used for panel A. In this case, cells were also treated with 25 ng/ml of TPA alone (T) or TPA plus 300 g/ml of phosphonoacetic acid (TϩPAA), a viral DNA synthesis inhibitor. The cellular housekeeping gene, the ␤-actin gene, was used to calibrate the loading control. Arrowheads indicate the sizes of the bands in kilobases (kb). (Fig. 3C ). These results indicate the presence of cis-acting sequences that are responsive to hypoxia located between positions Ϫ1361 and Ϫ1201 in the 5Ј flanking region of the promoter for ORF35-37. This region contains the HRE-2 consensus sequence. HRE-2 mediates most of the hypoxia responsiveness of the ORF35-37 promoter. A mutagenesis strategy was then utilized to assess whether HRE-2 was indeed a hypoxia-responsive region for ORF35 to ORF37. Using site-directed mutagenesis, we made two constructs with mutations in the core HRE-2 sequence and then made a third construct in which the whole HRE-2 sequence was deleted. All the mutations and deletions were made in the context of the full-length ORF35-to-ORF37 promoter region, as shown in Fig. 4A . Reporter assays with Hep3B cells indicated that while the wild-type promoter for ORF35-37 is activated 8.32-fold by hypoxia, the activities of both HRE-2-mutated and HRE-2-deleted reporter plasmids were activated only about 2-fold (Fig. 4B) . These results indicate that HRE-2 plays a critical role in the hypoxic activation of this promoter. To further evaluate the hypoxia responsiveness of HRE-2, we tested its activity in a heterologous promoter. A 102-bp sequence surrounding and including HRE-2 was subcloned upstream of the SV40 promoter and used to drive luciferase in the pGL3 promoter vector, as shown in Fig. 4C . We also mutated the HRE-2 sequence in this system and deleted the whole HRE-2 sequence. Transient transfection in Hep3B cells indicated that the SV40 promoter itself was activated about 1.88-fold by hypoxia but that the promoter with the HRE-2 fragment linked to it was activated 16.47-fold by hypoxia. Similar to results reported earlier, the activities were reduced to only 2.69-and 3.50-fold by the mutated and HRE-2-deleted plasmids, respectively (Fig. 4D) . These results also confirmed that HRE-2 is important for hypoxic activation.
As more has been learned about cellular HREs, it has become apparent that most consist of both a sequence that binds FIG. 3 . Activation of the ORF35-37 promoter by hypoxia. (A) Hep3B cells were transiently transfected with 550 ng of reporter plasmid encoding the promoter region ORF35-37P1, ORF35-37P2, or K5. The promoter region ORF35-37P1 included ϩ409 bp downstream of the ORF35-37 mRNA transcription start site (SS2) at position 55567; this sequence included the methionine initiation codon of ORF35 at ϩ73 bp and extended to ϩ409 bp, which is just before the methionine initiation codon of ORF36. The promoter region ORF35-37P2 included ϩ49 bp downstream of the SS2 mRNA transcription start site, which is 360 bp shorter at the 3Ј end than promoter region ORF35-37P1. The construction of the K5 promoter has been described elsewhere (23) . Fifty nanograms of an internal control plasmid, pSV-␤-gal, was cotransfected for normalization of transfection efficiency. Cells were allowed to grow under normoxia conditions for about 30 h and then exposed to either normoxia (N) or hypoxia (H) for another 18 h. After normalization of the luciferase (Luc) value to the ␤-gal value, the induction (n-fold) was calculated compared to the mean normalized value for normoxia alone, which was set at unity. The results depicted are the means from three independent experiments, each done in triplicate, except for ORF35-37P2, which was done in duplicate. Error bars represent one SD, except for ORF35-37P2, for which they represent the range of results. (B) Deletion and reporter constructs of ORF35-37P1. The 5Ј deletions were made starting with the ORF35-37P1/1891 construct and were named according to the 5Ј end relative to the transcription start site (SS2) for ORF35-37 mRNA at position 55567 as determined by RACE. Shown are the upstream potential HRE sequences in this promoter region. The potential HRE sequences 1, 2, and 3 were previously studied for activity in the ORF34 promoter (24) . Putative HRE number 4 is within the coding region of ORF34. The SS2 RNA transcription start site for ORF35-37 at position 55567, which was determined by RACE, is designated nt ϩ1 and indicated by an arrowhead. A potential TATATA box Ϫ31 nt upstream of the RNA cap is indicated by a black box. (C) Activity of the full-length ORF35-37P1/1891 and deletion reporters under normoxic and hypoxic conditions. Cells were cotransfected with the full-length and deletion reporter constructs, as described for panel A. After normalization, the induction (n-fold) was calculated as described for panel A. The results depicted are the means from three independent experiments, each done in triplicate, with error bars representing one SD.
HIF, which is termed the hypoxia binding sequence (HBS), and an additional element, termed the HIF ancillary sequence (HAS) (37, 41, 45, 48, 50) . The HBS is the short sequence that was first identified as the HRE, and these two terms are sometimes used interchangeably. The HAS is just downstream of the HBS and is required for full hypoxic activation. The hypoxia-responsive promoters of human EPO, human transferring receptor, human DEC1, and human ceruloplasmin have HASs that contain CACAG/C downstream of their HRE sequences (41, 45, 48, 50) . Examination of the promoter sequence for ORF35-37 revealed that it has also a CACAC sequence downstream of HRE-2 (Fig. 5A) . To investigate whether this CACAC sequence of the ORF35-37 promoter plays a role in the activation by hypoxia, we introduced a mutation in the HAS alone, in the HRE-2 sequence alone, and in both sequences in the context of the full-length promoter as shown in Fig. 5A . Reporter assays with Hep3B cells showed that mutation in the HAS alone reduced the reporter activity to about half of that observed with the wild-type HRE promoter. When the reporter contained both the HRE mutation and the HAS mutation, its activity was reduced to near control levels. These results suggest that the promoter region for ORF35-37 requires an HAS for full hypoxic activation.
In cells transfected with the ORF35-37 promoter region, the majority of mRNA on exposure to hypoxia is produced by the downstream start site (SS2) mRNA via HRE-2. Since the ORF35-37 promoter has two different transcription start sites (SS1 at position 54566, initiating the 4.2-kb message encoding ORF34-37, and SS2 at position 55567, initiating the 3.4-kb message encoding ORF35-37) and because the 35-37P1 constructs described above also included the upstream start site, it remained possible that the induction by hypoxia of these constructs involved initiation from SS1. To clarify whether hypoxia upregulated production of mRNA from the downstream start site, we attempted to analyze the mRNA produced by the luciferase reporter constructs described above by Northern blot analysis but encountered technical difficulties in working with this system. As an alternative approach, we utilized the pSEAP2-Basic vector. We cloned both ORF35-37P1 and ORF35-37P2 wild and HRE-2 mutant reporters into this vector, as described in Materials and Methods. Figure 6A shows the coding potentials from the two start sites when 35-37P1 or 35-37P2 is inserted into SEAP vectors.
Hep3B cells were transfected with these reporter constructs and cultured under normoxic or hypoxic conditions. Total RNA was isolated and treated with RQ1 RNase-free DNase to eliminate any traces of DNA contamination. Five micrograms of total RNA was subjected to electrophoresis by Northern blot analysis and hybridized to an antisense digoxigenin-labeled single-strand DNA probe. The results revealed that cells exposed to hypoxia produced predominant bands of 2.1 kb and 1.8 kb when cells were transfected with the wild-type 35-37P1 and 35-37P2, respectively (Fig. 6B) . These bands are consistent with the expected mRNA produced from the downstream (SS2, position 55567) start site for ORF35-37. The bands were barely detectable in cells cultured under conditions of nor- ) and mutant HRE-2 reporter plasmids. Two different HRE-2 mutant reporters were constructed (Mut1 and Mut2), each containing a 3-base substitution (shown in bold) within the core HRE-2 sequence (shown underlined). In another construct (Del), the entire HRE sequence was deleted. All mutations and the deletion were made in the context of the full-length promoter (ORF35-37P1/1891). (B) Hep3B cells were cotransfected with wild-type promoter (35-37PW) reporter plasmid, HRE-2 mutant reporter plasmid, or an HRE-2-deleted reporter plasmid, assayed as described for Fig. 3A . The results depicted are the means from three independent experiments, each done in triplicate, with error bars representing one SD. (C) Constructs used to assess hypoxic activation of the HRE-2-containing fragment in a heterologous promoter. A 102-bp fragment of the ORF35-37P1/1891 promoter (Ϫ1,272 bp to Ϫ1,170 bp relative to the SS2 start site) containing wild-type or mutant HRE-2 sequence was cloned upstream of the SV40 promoter driving luciferase in the pGL3 vector as shown. (D) Hep3B cells were cotransfected with the constructs described above containing the 102-bp wild-type fragment (HRE-2W) or with the fragment containing the Mut2 (HRE-2m2) or HRE Del (HRE2D) sequence as described for panel A. SV40P was utilized as a control. The cells were cultured under normoxic (N) or hypoxic (H) conditions and assayed as described for Fig. 3A . The results depicted are the means from three independent experiments, each done in triplicate, with error bars representing one SD. moxia and were also fainter in cells transfected with HRE-2 mutant reporters (Fig. 6B) . Longer exposure of these blots also revealed weak bands of 3 kb and 2.7 kb, which are the expected sizes if the transcription is initiated from the upstream (SS1, position 54566) start site (data not shown). In parallel experiments, we also assessed the reporter activity of SEAP-35/37P1 in Hep3B transfected cells. As shown in Fig. 6C , hypoxia upregulated SEAP induction in cells transfected with wild-type ORF35/37P1 but not in those transfected with mutant HRE-2. These results demonstrate that hypoxia upregulates transcription of mRNA preferentially from the downstream start site (SS2) that encodes ORF35-37 and that this effect is mediated largely by HRE-2. Thus, hypoxia can upregulate production of mRNA from both the SS1 and SS2 start sites, encoding ORF34-37 and ORF35-37, respectively, and in each case, this effect is mediated largely through HRE-2.
Response of ORF35-37 promoter to HIF-1 or HIF-2, as assessed by cotransfection experiments. The question still remained as to whether the response of the promoter region for ORF35 to ORF37 to hypoxia was mediated through HIF and, if so, whether the promoter could respond to HIF-1, HIF-2, or both. A difficulty in assessing these effects is that HIF-1␣ protein is unstable under conditions of normoxia because it is hydroxylated at two specific proline residues (P402 and P564), leading to the binding of the von Hippel-Lindau tumor suppressor protein and degradation. To address this issue, we utilized a mutant HIF-1␣ plasmid (HIF-1␣m) in which the proline residues at positions P402 and P564 were mutated to alanine (P402A and P564A) as shown in Fig. 7A . We have previously found that HIF-2␣ is not as rapidly degraded under conditions of normoxia, and a mutated form was not needed to perform cotransfection experiments (70) . Hep3B cells were transfected with 300 ng of ORF35-37 wild-type or HRE mutant reporter plasmid (Fig. 4A) . The cells were then cotransfected with 250 ng of plasmid encoding HIF-1␣, HIF-1␣m, or HIF-2␣ (Fig. 7A) . Cells also received 50 ng of internal control plasmid to normalize the transfection efficiency. After 48 h of incubation at 21% oxygen, the cells were harvested and assayed for luciferase expression. Cotransfection with the wild-type HIF-1␣ plasmid increased the ORF35-37 wild-type reporter activity only 2.4-fold (Fig.  7B) . However, when the same promoter was cotransfected with the degradation-resistant HIF-1␣m plasmid, the promoter was activated 16.5-fold (Fig. 7B) . This extent of activation is similar to that found with a number of cellular genes activated by hypoxia (17, 25, 27, 58, 59, 61, 70) . Cotransfection with the HIF-2 plasmid resulted in an even greater increase in activity of 49.6-fold.
HIF binds to the HRE-2 sequence of the ORF35-37 promoter. To determine whether the HRE-2 sequence identified in the ORF35-37 promoter region binds to HIF, electrophoretic mobility shift assays were performed using nuclear Hep3B cells were cotransfected with the wild-type 35-37/PW plasmid or the mutants described above and exposed to normoxia or hypoxia, and the luciferase activity was determined and normalized as described for Fig. 3A . The results depicted are the means from three independent experiments, each done in triplicate, with error bars representing one SD.
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HYPOXIC ACTIVATION OF THE KSHV ORF34-37 GENE CLUSTER 7045 extract from normoxic and hypoxic Hep3B cells. For a control in these experiments, we used the HRE from EPO, a prototype hypoxia-inducible gene that has a well-characterized HRE (45) . As shown in Fig. 8 , EPO HRE, the putative HRE-2 HBS, and the putative HRE-2 HAS each formed a complex in nuclear extracts from hypoxic Hep3B cells but not in extracts from normoxic Hep3B cells. This complex is specific, since an excess of unlabeled wild-type probe (50ϫ and 250ϫ) is competed with the DIG-labeled wild-type probe in a dose-dependent manner, whereas unlabeled oligonucleotides with mutations in the HRE or ancillary sequence are largely ineffective, even at a 250-fold excess. This result is consistent with our previous finding (24) that HRE-2 can be competed with EPO HRE in an HIF-1 enzyme-linked immunosorbent assay. Taken together, these data demonstrate that HIF binds to the consensus HRE-2 sequence present within the ORF35-37 promoter.
DISCUSSION
In this study, we show that genes in the ORF34-37 cluster of KSHV are members of the growing family of genes that are transcriptionally activated by hypoxia through HIFs. Although genes in the cluster are transcribed from two different promoters, both RNA transcripts respond to HIF primarily through the same HRE sequence (HRE-2).
ORF34, along with ORF35-37, comprises a cluster of genes all oriented in the same direction. By RACE analysis, we found that the RNA species for these genes are transcribed from two different promoters but share a common poly(A) signal at positions 58853 to 58858. ORF34 is transcribed from the upstream start site (SS1) at position 54566 (SS1), while RNAs for ORF35, ORF36, and ORF37 are transcribed predominantly from a downstream start site (SS2) at position 55567, which is within the ORF34 coding region. It is not uncommon for two Cell culture supernatant (15 l) was assayed for SEAP activity using a chemiluminescence detection kit (Clontech). The SEAP value was normalized to the ␤-gal value to correct for transfection efficiency. Induction (n-fold) was calculated as described for Fig. 3A . The results depicted are the means from three independent experiments, each done in triplicate, with error bars representing one SD.
or more genes within KSHV to share a common promoter or poly(A) signal. For example, it has been reported that KSHV RTA, K8, and K8.1 transcripts are initiated from alternative promoters but share a common poly(A) signal (40, 44, 63, 66, 73) . Also, ORF71(v-FLIP), ORF72 (v-Cyclin), and ORF73 (LANA) are transcribed from a common promoter and share a common poly(A) signal (13, 32, 56, 64, 73) . Interestingly, ORFK13 (OX-2) and ORF74 (v-GPCR), which are transcribed in the opposite direction of ORF71-73, also share a single promoter and use a common poly(A) signal at the 3Ј end (64) . It is unclear at this time exactly how the gene products of ORF36 and ORF37 are translated. ORF35, ORF36, and ORF37 overlap, and we did not find any evidence of gene splicing. It is quite possible that translation of ORF36 and ORF37 involves translation reinitiation. Alternatively, it is possible that it involves leaky scanning of the upstream start sites or internal ribosome entry sites, as has been described for other KSHV genes (2, 20, 42) . While the results here suggest that there is greater production of the 3.4-kb transcript, this does not exclude the possibility that ORF36 and/or ORF37 is in fact translated from the 4.2-kb transcript. Additional research will be needed to understand these issues. In either case, the results of this paper show that these genes, in addition to ORF34 and ORF35, are upregulated by hypoxia through HRE-2.
Using two different PEL cell lines exposed to normoxia or hypoxia, Northern blot analysis generally revealed two bands of 3.4 kb and 4.2 kb in length when cells were probed with each of the genes in the ORF34-37 cluster. Similar results have been reported by Cannon et al. using Northern blot analysis to study JSC-1 cells stimulated by TPA and butyrate (5). The 4.2-kb transcript corresponds in size to that predicted from the first start site (from which ORF34 is transcribed), and the more abundant 3.4-kb transcript corresponds in size to that predicted from the second start site (from which ORF35, ORF36, and ORF37 are predominantly transcribed, as determined by RACE). It is not surprising that the 4.2-kb transcript was in most cases also detected with the probes for ORF35, ORF36, and ORF37, as this transcript also has coding potential for those genes. Also, the upstream region of the 3.4-kb transcript for ORF35 to ORF37 includes part of the ORF34 gene sequence, and this accounts for the detection of the 3.4-kb message when the transcripts were probed with the full-length ORF34 used in these experiments. While the 3.4-kb transcript was more abundant than the 4.2-kb transcript in both cell lines, there seemed to be relatively greater expression of the 4.2-kb We have previously shown that HIF-induced activation of ORF34 was mediated largely by HRE-2, which spans the region from positions Ϫ231 to Ϫ226 from the ORF34 transcription start site (24) . The promoter for ORF35 to ORF37 was found to be strongly activated by hypoxia as well, and we were interested in determining whether this was mediated by the same HRE sequence or whether a different HRE or mix of HREs was responsible. This question was of particular interest because of the identification of an additional consensus HRE sequence (HRE-4) within the ORF34 coding region. A series of deletion and mutation experiments revealed that as with ORF34, only HRE-2 played a major role in the activation of the promoter for ORF35 to ORF37 by hypoxia. Also, as with ORF34, the activation of ORF35-37 was more responsive to HIF-2 than to HIF-1.
Previously, we have also shown that this HRE-2 sequence can bind to HIF, as assessed by an HIF-1 binding and competition enzyme-linked immunosorbent assay utilizing nuclear extracts of Hep3B and BCBL-1 cells (24) . We now show further the binding of HRE-2 to HIF in an electrophoretic mobility shift assay. Most of the known functional HREs of cellular genes contain a sequence, termed the HAS, that is downstream and adjacent to the HBS and that is required for full hypoxic activation (37, 41, 45, 48, 50) . Analysis of the promoter region around HRE-2 revealed the presence of a downstream ancillary-like sequence (CACAC). Using site-directed mutagenesis studies of reporter plasmids containing the ancillary sequence of this HRE, we have shown that mutation of this putative HAS markedly reduces the hypoxia responsiveness of the promoter for ORF35 to ORF37 (Fig. 5A and B) . Thus, we show that a viral HRE is organizationally similar to cellular HREs in that it has both an HBS and an HAS and both are required for full function.
Activation of herpesviruses from the resting to the lytic state generally involves induction of one or more switch genes which in turn activate a cascade of viral genes in an orderly transcriptional program. In the case of KSHV, the lytic switch gene is the Rta gene, and we have previously shown that the promoter region of the Rta gene can be activated to a limited extent by hypoxia and to a greater extent by transfection with HIF-1 or HIF-2 (24) . The results of the present study indicate that genes of the ORF34-37 cluster can be substantially and directly activated by hypoxia through the binding of HIF-1 or HIF-2 to an HRE. Northern blot analyses, for which results are shown in Fig. 2 , provide evidence that the ORF34-37 cluster is activated to a greater extent under conditions of hypoxia than two other viral genes (K5 and K8.1) that are not known to have a functional HRE in their promoter region. This genetic structure would enable KSHV to have a greater, or perhaps an earlier, activation of ORF34-37 in a hypoxic environment than under other conditions of viral activation. This specific activation is similar to the activation of KSHV viral interleukin-6 by alpha showing the constructs of the HIF-1␣ and HIF-2␣ expression plasmids that were used to cotransfect Hep3B cells with 35-37P1 HRE wild-type and HRE-2 Mut-2 mutant reporter plasmids. Degradation-resistant HIF-1␣ (HIF-1␣m) plasmid has two proline-to-alanine mutations in the oxygendependent domain (ODD) at positions 402 (P402A) and 564 (P564A) that allows the protein to escape from degradation and be functional at normal oxygen tension. (B) Hep3B cells were cotransfected with 300 ng of either wild-type ORF35-37P1 (HREW) or ORF35-37P1 containing the Mut2 HRE-2 (HREm) reporter plasmid along with 250 ng of wild-type HIF-1␣, mutant HIF-1␣m, or wild-type HIF-2␣ plasmid. As a control, cells were cotransfected with pcDNA3.1 empty vector. Cells also received 50 ng of an internal control plasmid, and the total amount of DNA was adjusted by the addition of the appropriate amount of filler plasmid. Cells were incubated under normoxic conditions for 48 h, and the luciferase activity was determined and normalized as described for Fig. 3A . The normalized value of the mutant reporter (HREm) cotransfected with empty vector was set at unity, compared to the results obtained with the wild-type reporter (HREW), and expressed as induction (n-fold). Bars depict the means from three independent experiments, each done in triplicate, with error bars representing one SD.
interferon through binding to an interferon-stimulated response element in the promoter region of viral interleukin-6 (9). ORF34 and ORF35 are proteins of unknown function that have sequence homology with the EBV genes BGLF3 and BGLF4, respectively (54) . ORF36 is a phosphotransferase or serine kinase that has been hypothesized to phosphorylate regulatory proteins and in this way functions to regulate expression of key cellular or viral genes (5, 52) . Recently, it has also been shown that ORF36 can activate the c-Jun N-terminal protein kinase signaling pathway (22) . ORF37, a homolog of DNA exonucleases in other herpesviruses, and its product (SOX) have recently been shown to inhibit host gene expression (19) . It is unclear at this time what evolutionary advantage the direct activation of these genes would provide for KSHV. Activation of ORF37, for example, may provide a mechanism for KSHV to rapidly shut off host genes in latently infected cells that are exposed to hypoxia. An understanding of these issues may provide insights into the strategies for KSHV infection and replication under various conditions. Finally, the results of this study could lead to therapeutic considerations for the treatment of KSHV-associated malignancies. ORF36 has been shown to phosphorylate the antiherpes drug ganciclovir, and the phosphorylated form of this drug can be toxic to human cells (5, 52) . Thus, under conditions of hypoxia or hypoxia mimics, KSHV-infected cells may substantially activate ganciclovir or related drugs. PEL, for example, arises in body cavities and forms effusions, such as pleural effusions, and these generally are hypoxic (18, 26) . Our group is currently exploring possible treatment strategies for PEL based on this approach. FIG. 8 . Results of electrophoretic mobility shift assays showing the specificity of DNA-protein interaction using digoxigenin-labeled doublestranded probes. Synthetic oligonucleotides were labeled by DIG at the 3Ј end. Each labeled probe was incubated with nuclear extract (NE) produced from normoxic (N) or hypoxic (H) Hep3B cells. To demonstrate the specificity of the DNA-protein interaction, increased quantities (50ϫ and 250ϫ) of unlabeled wild-type (WT) (same sequence as that of probe) or mutated (mut) oligonucleotides were added to the binding reaction. The protein-DNA complexes were separated on a 6% nondenaturing polyacrylamide gel, blotted to a nylon membrane, and probed with antidigoxigenin antibody conjugated to alkaline phosphatase. The sequence of each sense strand probe or competing oligonucleotide (Compe.) used is shown at the bottom of each blot. The wild-type HRE sequence is underlined, and the mutant sequence is shown in bold. The positions of the HIF complex and the free probe are shown. The blots shown in panels A, B, and C are probed with EPO HRE, ORF35-37P HRE-2 HBS, and ORF35-37 HRE-2 HAS, respectively.
